We have identified new repeated interspersed DNA sequences by analysis of homologous RNA •*-transcripts from a human teratocarcinoma cell line (NTERA-2 clone Dl). The abundance of transcripts varies upon retinoic acid induced differentiation of NTERA-2/D1 cells, and it is highest when the cells display the embryonal carcinoma phenotype. The expression of these novel repeated sequences j, appears to be tissue specific as no detectable expression was found in various cell lines of different embryological derivation. Characterization of the RNA transcripts by analysis of recombinant cDNA clones indicated that transcripts of different genomic units are present in undifferentiated embryonal teratocarcinoma cells. Nucleotide sequencing of the cloned cDNAs reveals a complex structure r\ composed by unique and tandemly repeated sub-elements.
INTRODUCTION

(
Several families of dispersed, moderately repeated sequences have been identified in mammalian genome (1, 2) . SINE sequences are defined as short (70-300 bp) repetitive elements present in over 100 000 copies per genome. The best studied of all short repeated families in humans is the AJu family, accounting for the 3-6% of the genome (3) .Alu elements appear to be retropseudogenes derived from RNA Pol HI transcripts (4, 5) , as " they contain a functional internal promoter (6) . Only two families of long, interspersed repetitive sequences (LINE) have been found in human genome, the LI and the THE-1 families. The THE-1 repeats, present in about 10.000 copies per genome, show features of retrotransposons. The prototype 2.3 Kb element contains two flanking terminal repeats 350 bp long, generates 5 bp duplication of the target site, and a 2 Kb polyadenylated RNA homologous to this element has been found in Hela cells (7) . LI family includes about 20 000 copies of a 6-7 Kb long interspersed element, * and more than 80% of the family members are truncated and internally rearranged (8, 9) . The structural properties of LI units support the possibility that they are processed retrogenes. Analysis of their open-reading frame suggest that they may encode for proteins homologous to reverse transcriptase of retroviruses (10) (11) (12) (13) . The LI elements terminate at the 3' end with an A-rich tract, and flanking direct repeats representing target site duplications have often been found (14). Heterogeneous transcripts, reflecting probably a readtrough transcription from unrelated promoters, can be found in the nucleus of various cell types (15) . However, in the human embryonal carcinoma cell line (NTERA-2/D1) the putative retroposition intermediate, a 6.5 Kb polyadenylated transcript has been found (16) . Panel A) Northern blot analysis of total RNA isolated from various human cell lines hybridized to a probe containing three 85bp repeats. The RNA samples are: 1, NTERA-2/D1 (teratocarcinoma); 2, HeLa (cervical carcinoma); 3, HL60 (promyelocitic); Wl-38 Oung fibroblast); 4, PEER (T-cell lynphoma); 5, NAMALVA (B-cell); 6, MOLT^l (T-cell lymphoma); 7, CRL1220 (normal fibroblast); 8, HTB10 (neuroblastoma). Fifteen micrograms aliquots were electrophoresed and processed as described in the text, the blot was exposed at -80°C with an intensifying screen for 5 days. In overexposed autoradiograms, some hybridization to 28S RNA is detectable. Ribosomal RNA (28S and 18S) are indicated by arrowheads. Re-hybridization of the same blot to GAPDH (24) is shown at the bottom. Panel B and C) Expression of repeated sequences (B) and HOX-3 (C) in undifferentiated (0) and differentiated (3-7-14) NTERA-2/D1 teratocarcinoma cells. NTERA-2/D1 cells were treated with retinoic acid and RNA extracted at day 3, day 7 and day 14. The same blots were re-hybridized to the GAPDH probe RNA extraction and Northern blot were performed as described in the text. Ribosomal RNAs (28S and 18S) are indicated by arrowheads.
We have identified cDNA clones homologous to sequences that are members of a novel human repetitive family. Transcriptional studies indicate that the expression of the repetitive sequences is easily detectable as discrete sizes of polyadenylated cytoplasmic RNA in embryonal carcinoma cells, and their expression is negatively regulated during in vitro induced differentiation. The expression of these novel repeated elements appear to be restricted in the embryonal carcinoma cells since we fail to observe detectable expression in more highly differentiated cell types. Characterization of the transcripts by analysis of cloned cDNA, revealed a peculiar structure consisting of a complex array of different repeated elements and unique sequences.
MATERIALS AND METHODS
cDNA library screening and DNA sequencing A cDNA library from undifferentiated human teratocarcinoma cell line NTERA-2/D1 cytoplasmic poly(A) + RNA (17) was kindly provided by J. Skowronski. 3X1O 5 plaques were screened with a 350 bp DNA fragment containing three 85bp repeat. This fragment was originally found in the 5'-end portion of a cDNA (pR17) encoding finger domains. DNAs from positive clones were digested with endonuclease EcoRI and the resulting fragments were cloned into pGEM-3 plasmid (Promega, Biotech) for restriction enzyme mapping. Appropriate fragments were subcloned in the same vector for DNA sequencing. The DNA sequences were independently determined by two different methods using the GemSeq K/RT system as recommended by Promega Biotech. Nucleotide sequencing data were analyzed using the MicroGenie Sequence Analysis Program software (18) .Cell cultures Cell lines used were obtained from the American Type Cell Collection. NTERA-2, clone Dl (NT2/D1) cells (19) were kindly provided by E. Boncinelli. Stock cultures, predominantly exhibiting a human embryonal carcinoma phenotype, were mantained at high density in Dulbecco's modified MEM supplemented with 10% fetal calf serum. Retinoic acid induced differentiation was performed as described (20) . Retinoic acid was added to a final concentration of 10 /tM. Total RNA was isolated at various time after induction.
Southern and Northern analysis
Total RNA was extracted from the various cell lines by the guanidine isothiocyanate method (21) . Fifteen micrograms aliquots were electrophoresed on 1.2% agarose-formaldheyde gels and transferred to nitrocellulose filters. The blots were hybridized (50% formamide, 5x SSPE, 5x Denhardt's, 0.1% SDS and 100 /xg/ml salmon sperm DNA). The filters were washed at 60°C in 0.2 x SSC and 0.2% SDS for 2 hrs. The DNA probes were labelled by the multiprime labelling kit (Amersham) to a specific activity of 5x 10 8 c.p.m./jig.
RESULTS
Expression of repeated sequences is regulated in NTERA-2/D1 cells.
In the course of characterizing human cDNA clones encoding multi-finger proteins (22), we identified in the 5' terminal portion of a clone, pR17, sequences containing three 85 bp direct adjacent repeats. Southern blot analysis revealed that these sequences are higly repeated in human genome, and no homology between the 85bp repeat and known SINE and LINE sequences was found (see below).
To study the expression of these sequences we analyzed total RNA from various human cell lines by Northern blotting (Fig 1, panel A) , using as probe a 350 bp fragment containing three 85 bp direct adjacent repeats. Two bands of discrete size (1.8Kb and 2.8Kb) are visible only in the RNA derived from NT2/D1 cell line, which is a human pluripotent teratocarcinoma cell line, representative of a very early stage of the embryonic development (23) . We failed to observe detectable expression in more highly differentiated cell types (Fig 1A) . Northern blot of nuclear and cytoplasmic polyadenylated RNA, indicated that the 1.8kb and 2.8kb RNA are polyadenylated and cytoplasmic (data not shown, and see below).
Treatment of NT2/D1 cells with retinoic acid results in the loss of undifferentiated phenotype. Cells go through differentiation into specific cell types, including neurons (19) . We examined total RNA from NT2/D1 cells at 3-7 and 14 days after exposure to retinoic acid . Fig 1 B shows that the relative amount of the two transcripts decreased upon retinoic acid treatment. After 3 days the transcript of 2.8Kb disappeared, while the 1.8 kb transcript become undetectable after 7 days, showing that the two transcripts are differentially regulated.
The efficiency of differentiation upon retinoic acid treatment was monitored after probing a similar Northern blot with HOX-3, a human homeobox gene, whose expression was previously shown to increase during in vitro induced differentiation (25) .
Isolation and characterization of cDNA clones from NTERA-2/D1 cells
To characterize the observed transcripts, we screened a cDNA library derived from polyadenylated cytoplasmic RNA from NT2/D1 cells (17), using a fragment containing the 85 bp repeated sequences as a probe. About 5O phages out of 3 X10^ annealed to the probe, and 10 of them were selected for further analysis. The size of the cDNA inserts varied from about 1 kb to 3 kb. Restriction map analysis and partial DNA sequencing showed that five of them represent different transcripts. The restriction map and the entire nucleotide sequence of the three longest clones are shown in Fig.2 and 3 . In Fig. 2 the DNA sequence of the clones pTR7 and pTR2 are shown. The pTR2 is identical to pTR7 throughout from nt. 29 to nt. 1228; in this position a poly A tail is present in pTR2 30 bp downstream from a canonical polyadenylation site. A short poly A tail is also present in pTR7 with a non canonical polyadenylation site (AATTAA) located 20 bp upstream. Thus, the pTR2 and pTR7 clones can represent different transcripts of the same genomic unit by alternative usage of the polyadenylation sites; conversely they are different transcripts of partially duplicated genomic units. The pTR5 is 2755bp long and lacks a poly A tail. Conceptual translation of cDNA clones sequences revealed that no open reading frames longer than 105 and 187 codons are present in pTR7 and pTR5 respectively. The distribution of stop and ATG codons in the three reading frames is shown under the nucleotide sequence in Fig.2 and 3 . Moreover we could not find any significant homology with retrovirus sequences.
A schematic representation of the three cDNA clones is shown in Fig 4. Sequence comparison of the cDNA clones shows common features that are most easily described in relation to the longest cDNA pTR5. Both pTR5 and pTR7 have a tandem repeat of about 400bp (boxed sequences in Fig.2 and 3) , and in each repeat two different elements (A and B) can be identified. The 5' end of all three clones lies in the first A element. Element B is a 85 bp long repeat similar to the 85bp repeat originally found in the fingercoding cDNA pR17. The B element is present 6 times in pTR5, 5 times in pTR7 and 3 times in pTR2; pairwise comparison of the 85 bp repeats show that the B element sequences are 85 -88% identical to each other and a consensus sequence has been derived as shown in Fig. 5 . The C element (from nt. 398 to nt. 822) is present in all three cDNA with a similarity of 85%. The D elememt (nt.823 to nt 1400) is absent in pTR7, but hybridization analysis suggest its presence in other cDNA clones (data not shown). The E element (from nt. 1401 to nt. 1914) contains a tandem array of a 41 bp repeat previously described as a member of a highly repeated non-mobile family (26) . The 41 bp unit is repeated 10 times in pTR5 and 3 times in both pTR2 and pTR7. Finally no similarity was found in the 3'-end portion of pTR5 and pTR7 as indicated in Fig. 4 by a thin line.
Searching for related sequences using the GenBank and EMBL Data Base failed to reveal homologous sequences other than a short sequence of 70 bp found associated to the 41 bp repeat in a region of the human genome 3' to the /3-globin gene cluster, where the presence of members of different repeated families has been described (27) . This sequence is present in pTR5 at nt. 1970-2040, in pTR7 at nt. 1154-1224 and in pTR2 at nt. 1124-1194.
Genomic abundance of different element
To determine the genomic abundance of the different repeated subelements, we performed Southern blot experiments, using HeLa cell DNA digested with different restriction enzymes. We used as probes various fragments of pTR5 and pTR7 clones representing the different subunits (Fig 6) . No significative difference in the hybridization patterns can be seen with the probes representative of the different sub-elements, all probes giving a smear throughout the lanes. Dot blot and genomic library screening hybridizations indicate that there are about 2O.000 copies of each sub-elements in human genome. Moreover, the cDNA clones anneal in situ to many scattered chromosomal locations (data not shown)
When the 3' portion of pTR7 was used as probe (Hinf-EcoRl fragment, Fig. 6 probe 5), we obtained hybridization to unique fragments, moreover we noted a hybridization background suggesting the presence of related sequences in the human genome. Similar results were obtained using a 3'-end probe from pTR5 (data not shown). Thus, in both pTR5 and pTR7 clones the results show that the transcript units are composed by a patchwork of different repeated subunits followed by a unique 3'-end portion.
DISCUSSION
It has been suggested that amplification and dispersal of repeated families members in higher eucaryotes might be explained by a model based on RNA-mediated transposition events (28) . Many structural features of known repeated elements support this suggestion, even if no consistent structural similarities between different retrotransposons exist. The identification of repeated units transcripts may substantiate the hypothesis of a transit through a RNA intermediate. We have identified a novel family of repetitive DNA in humans composed of distinct modules. Two discrete polyadenylated cytoplasmic transcripts of this repeated family are present in the human pluripotent embryonal carcinoma cell line NT2/D1. The expression of the repeated sequences appears to be tissue specific as no detectable expression was found in various cell lines of different embrylogical derivation. Furthermore, both RNA transcripts are negatively regulated upon in vitro induced differentiation of NT2/D1 cells. The human LI transcripts are also negatively regulated during NT2/D1 differentiation. However, no structural similarity between LI cDNA (17) and our cDNA clones was found.
Transcription of repeated sequences is often derepressed in undifferentiated cells (16, 29) . This fact is considered a support for the retroposition model, as amplification and transposition are expected to occur in germ line cells or in their progenitors (16) .
Characterization of three cDNA clones from teratocarcinoma cells showed that transcripts of different genomic units are expressed in these cells. Conceptual translation of cDNA clones sequences revealed that no open reading frames longer than 105 and 187 codons are present in pTR7 and pTR5, respectively. The absence of long open reading frames in the sequence of cDNA clones cannot be considered conclusive, as other members of the polymorphic family may code for a functional product.
Characterization of the transcripts by nucleotide sequencing of cloned cDNA, revealed a peculiar structure consisting in a complex array of different repeated and unique elements. Direct tandem repeat of about 4O0bp have been found in pTR5 and pTR7 clones, and in each repeat two different elements (A and B) can be identified. Tandem repeats in the 5' end region of some mouse (30) and primate (31) LI elements have been described. Sequence comparison analysis failed to detect any significative similarity of our cDNA clones to both mouse and primate 5' tandem repeats.
Different sub-elements can be associated in the genome with unrelated sequences. The 41 bp elements have been found in a region 3'-end of the human /S-globin cluster, however no transcription of this region has been detected (26) . Moreover we found that the relative genomic abundance of various subfragments are comparable in Hela cells DNA. The isolated cDNA clones can indeed represent transcripts of colinear genomic units; alternatively, genomic elements can have a more complex structure, due to the presence of intron sequences. Interestingly, the 3' portion of cDNA clones appear to be a unique sequence. A possibility is that this sequence can represent the unique site of insertion of the mobile element. We are presently involved in the isolation and characterization of genomic sequences to elucidate the genomic structure of this new family of repeated sequences.
